Reducing the throughput time of the diagnostic track involving CT scanning with computer simulation  by van Lent, Wineke A.M. et al.
R
c
W
E
a
b
c
a
A
R
R
A
K
R
H
O
D
O
C
1
t
p
c
r
G
E
j
s
w
0
dEuropean Journal of Radiology 81 (2012) 3131– 3140
Contents lists available at SciVerse ScienceDirect
European  Journal  of  Radiology
jo ur n al hom epage: www.elsev ier .com/ locate /e j rad
educing  the  throughput  time  of  the  diagnostic  track  involving  CT  scanning  with
omputer  simulation
ineke  A.M.  van  Lenta,b,∗, Joost  W.  Deetmana,1, H.  Jelle  Teertstraa,2, Sara  H.  Mullera,3,
rwin  W.  Hansc,4, Wim  H.  van  Hartena,b,5
Netherlands Cancer Institute – Antoni van Leeuwenhoek Hospital (NKI-AVL), P.O. Box 90203, 1006 BE Amsterdam, The Netherlands
University of Twente, IGS Institute for Innovation and Governance Studies, Department of Health Technology Services Research (HTSR), Enschede, The Netherlands
University of Twente, School of Management and Governance, Dept. of Industrial Engineering and Business Intelligence Systems, Enschede, The Netherlands
 r  t  i  c  l  e  i  n  f  o
rticle history:
eceived 25 November 2011
eceived in revised form 9 March 2012
ccepted 12 March 2012
eywords:
adiology department
ospital
perations research
ecision making
rganizational
omputer simulation
a  b  s  t  r  a  c  t
Introduction:  To examine  the  use of  computer  simulation  to  reduce  the  time  between  the  CT request  and
the consult  in which  the CT report  is  discussed  (diagnostic  track)  while  restricting  idle  time  and  overtime.
Methods:  After a pre  implementation  analysis  in our  case  study  hospital,  by  computer  simulation  three
scenarios  were  evaluated  on  access  time,  overtime  and  idle time  of the  CT;  after  implementation  these
same  aspects  were  evaluated  again.  Effects  on throughput  time  were  measured  for outpatient  short-term
and urgent  requests  only.
Conclusion:  The  pre implementation  analysis  showed  an  average  CT access  time  of  9.8  operating  days  and
an average  diagnostic  track  of 14.5  operating  days.  Based  on  the  outcomes  of  the  simulation,  management
changed  the  capacity  for  the different  patient  groups  to  facilitate  a  diagnostic  track  of 10  operating  days,
with a  CT  access  time  of 7  days.  After  the  implementation  of  changes,  the  average  diagnostic  track  duration
was 12.6  days  with  an  average  CT access  time  of  7.3 days.  The  fraction  of  patients  with  a total  throughput
time  within  10 days  increased  from  29%  to  44%  while  the  utilization  remained  equal  with 82%,  the  idle
time  increased  by 11%  and  the  overtime  decreased  by 82%.
The  fraction  of  patients  that  completed  the  diagnostic  track  within  10 days  improved  with 52%.  Com-
puter  simulation  proved  useful  for studying  the  effects  of  proposed  scenarios  in  radiology  management.
Besides  the  tangible  effects,  the simulation  increased  the  awareness  that optimizing  capacity  allocation
can  reduce  access  times.. Introduction
The volume of sophisticated technology and high-cost diagnos-
ic imaging, such as CT and MRI, has increased substantially over the
ast decades. At the same time, hospitals are forced to contain their
osts and consequently do not extend their capacity at the same
ate. Without measurements to treat more patients while resources
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stay constant, this results in prolonged access times. Increasing the
productivity is a preferable option to maintain costs, but this may
be conﬂicting with achieving acceptable access times.
Expanding capacity, improving operating procedures for exam-
ple by reducing change-over times, and improving capacity
allocation in combination with scheduling procedures can all con-
tribute to the reduction of CT access time. Capacity expansion is
a rather expensive solution [1]. Improved operating procedures
may  create more CT capacity. When a radiology department is
confronted with access time problems for a speciﬁc patient group,
extending the total capacity and allocating this in the same rate to
all patient groups may  not solve the problem. In these situations,
changing the relative capacity allocated to different patient groups
must be considered.
Due to the stochastic and uncertain nature of the demand for CT
examinations, it is usually difﬁcult to predict the effects of differ-
Open access under the Elsevier OA license.ent variants of capacity allocation per patient group on access time
and CT utilization. Operations research (OR) uses mathematical
techniques to support decision-making processes by quantify-
ing the consequences of improvement suggestions and designing
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ptimized improvement strategies [2].  Simulation, queuing and
inear programming are examples of OR techniques. Numerous
imulations in healthcare have already been reported on the
ossible consequences of implementing suggestions based on sim-
lations that may  improve resource capacity planning in uncertain
nd variable hospital processes [3–5].
This study examines how an OR model can be used to reduce
he throughput time of diagnostic track involving CT scanning by
hanging the capacity allocated to different patient groups while
aintaining acceptable overtime and idle time. The diagnostic
rack starts with the outpatient consultation where the CT request
s written, followed by the CT examination(s) and ends with the
onsultation in which the CT report is discussed. From the per-
pective of the patient and the referring physician, the overall
hroughput time of the diagnostic track is more important than
he CT access time alone.
. Materials and methods.1. Research setting
The Netherlands Cancer Institute – Antoni van Leeuwenhoek
ospital (NKI-AVL) is a comprehensive cancer center, located in Thee study design.
Netherlands. At the time of this study, the radiology department
used one CT scanner for diagnostic purposes.
The available capacity is divided in assigned places in the
schedule of 10 min  (also called slots). The slots are ﬁlled with CT
requests, once a request is performed we call it an examination. An
examination usually consumes one slot, but one examination may
sometimes be composed of multiple procedures that may require
multiple slots. Per operating day, the department deﬁned the fol-
lowing capacity:
1. 40 ‘standard’ slots are reserved for the total volume of urgent,
short-term and long-term requests with a planning horizon
between 1 day and 1 year. Of these, every day one to two slots
are reserved for CT requests requiring drainage or biopsy.
2. 10 slots are reserved for emergency requests and requests that
could not be examined in the previously mentioned 40 slots.
Radiology management claimed that long-term requests
(appointments scheduled more than 20 operating days ahead, 33%
of total patient volume) used most of the available ‘standard’ slots
and thereby blocked capacity for other requests, which resulted
in prolonged access times for other than long-term requests. The
problem was especially relevant for urgent requests that need
a CT within 5 operating days (15% of total patient volume) and
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hort-term requests that need an appointment within 20 operat-
ng days (43% of total patient volume). The remaining 9% of the
atient volume consisted of inpatients, who were always treated
n the slots for emergency patients. To reduce the throughput time
f the urgent and short-term patients, we focused on improving the
apacity allocated of each type of request to the given capacity of
ne CT in this research setting.
.2. Study design
A pre and post implementation design was used to study the
ffects of the scenarios on throughput time of the diagnostic track
nd the overtime and idle time of the CT. Preventing overtime was
mportant as this is expensive and may  lead to staff dissatisfaction.
reventing idle time during operating hours was  important because
anagement wants to scan as many patients as possible when staff
s available. With a Monte Carlo simulation model, the effects of the
roposed scenarios to change the capacity allocated to each type
f request were examined. Simulation was selected as preferred
R technique as it seemed suitable to solve this problem and it is
ommonly applied in healthcare [3,4]. Fig. 1 summarizes the steps
n the study design.
The throughput time of the diagnostic track is composed of ﬁve
vents (see Fig. 2)
A) Access time to the CT: operating days between ﬁrst outpatient
consult and CT examination(s).
B) Throughput time of the radiologist report: operating days
between the CT examination and completion of the radiologist
report.
C) Access time in operating days between completion of radiolo-
gist report and second consult with the referring physician.
D) Access time in operating days from the CT examination to the
second consult (B + C).
E) Total throughput time of the diagnostic track, a summation of
A, B and C.
We measured the throughput time of the diagnostic track for
hort-term and urgent requests.
To gain insight into the CT utilization we collected all performed
iagnostic CT requests for outpatients, the total slots used to exam-
ne these requests, and the utilization rate. The latter was calculated
s the total number of slots used for examinations divided by the
apacity minus closures..2.1. Step 1: Pre implementation analysis
This analysis is based on examinations performed between 8
ctober 2007 and April 2008 (interventional CT was excluded).me indicators.
Data were retrieved from the radiology information system (RIS).
Fig. 3 describes the data collection process. First, we  collected the
following RIS information on all 3261 performed examinations:
date and time of the request, date and time of the examination, date
and time of completion of the radiologist report, referring specialty,
planned number of slots for the request, and urgency. For all urgent
and short-term requests (n = 2022), we sought the corresponding
consultations from the referring specialty in the Hospital Informa-
tion System (HIS). Seventy-four percent of the examinations were
matched with consults as the second consult was sometimes per-
formed by another specialty or consults were not registered. After
matching, we  excluded outliers according to the criteria in Fig. 3.
Management decided to set criteria for outliers as some data did not
seem to match reality. E.g., we  assumed that results are discussed
with the patient within 20 operating days after the examination. If
the data suggested otherwise, it seemed likely that a consult was
not registered. We  included 812 (40%) examinations with complete
data in the pre implementation analysis of the diagnostic track. We
calculated the throughput time in operating days.
To calculate the CT utilization, we used the RIS data of all diag-
nostic CT collected for the analysis of the diagnostic track. From this
dataset we  excluded inpatients and emergency requests performed
outside regular working hours.
2.2.2. Step 2: Model development
This section ﬁrst describes the simulation objectives and the
simulation model input, followed by a description of the model
and its output.
2.2.2.1. Simulation objectives. This section brieﬂy describes the
questions that can be answered with the model. The Monte Carlo
simulation model, developed by the authors in Excel, calculates the
CT utilization, overtime and idle time based on the parameters:
access time for speciﬁc requests, a given number of total slots and
a given number of slots per type of request. The model also allows
the user to combine or separate capacity for urgent and short-term
requests.
The throughput time from CT to the second outpatient con-
sult (D in Fig. 2) was not included in the model. As period D
is relevant for the total throughput time of the diagnostic track
but not for the CT utilization, this time was considered as sta-
ble in the decision-making process. The researchers selected a
3-day-target for period D because many referring physicians have
consultation clinics twice a week and are therefore not able to see
patients much sooner; moreover, radiology management claimed
the need for two operating days to have a guaranteed timeframe
to report on speciﬁc (complicated) examinations. As 94% of the
reports is completed within two operating days (period B in Fig. 2),
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hree operating days for period D was considered to be a feasible
arget.
.2.2.2. Model input. Before we could run the model, a set of param-
ters that together make up the scenario had to be inserted into the
odel; this concerned patient demand, CT access time targets and
vailable capacity.
So far, the department used two types of demand (standard and
rgent). The model distinguished demand into four groups: inpa-
ients, urgent outpatients, short-term outpatients and long-term
atients. The model considered variable demand per day for the
rst three patient groups as these groups were confronted with
ost access time problems and their CT appointment had to be
cheduled within 1 month. Daily demand per group was  deter-
ined by distributions of the requested number of slots per group.
e used data from 1 year of CT examinations to identify the dis-
ributions for the demand per patient group. Thereafter, we  used
rystall Ball [6] to determine the mathematical distributions that
est represented the demand for this group. Using these distribu-
ions, we generated random patient demand data for each patient
roup and inserted these separately into the model.e throughput time of the diagnostic track.
For the long-term requests we  assumed a stable demand. The
realized examinations and no-shows resulted in an average of
13 slots per day. As radiology received more than 13 long-term
requests in 35% of the weeks during a year, we allocated 15 slots to
long-term patients.
Next, the user deﬁned the maximum access times for the emer-
gency requests, the urgent requests and the short-term requests.
The total number of available slots (per patient group) was  also
deﬁned, with a maximum of 55 per day (opening hours of the
CT scan in this hospital). The model assumes a stable number of
available slots for each day of the week and for all weeks.
2.2.2.3. Planning algorithm used by the simulation model. To deliver
the output the simulation model uses an algorithm that is described
in Fig. 4. Before the start of each day, the algorithm draws the daily
demand per group in slots from the input ﬁle. This implies that the
algorithm knows the total demand for each patient group ﬁrst thing
in the morning. The algorithm schedules each request in the ﬁrst
available slot for that group and takes into consideration whether
a minimal CT access time of 1 day is needed due to the need for the
patient to drink contrast ﬂuids 12 h before the actual examination.
W.A.M. van Lent et al. / European Journal of Radiology 81 (2012) 3131– 3140 3135
Fig. 4. Algorithm of the simulation model. Each diamond represents a decision. In the model decisions were programed as if/else constructions.
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f there are no slots available to plan the request within the user-
eﬁned maximum access time, the examination is performed in
vertime. When the urgent and short-term requests have the same
T access time, the algorithm considers them as pooled and adjoins
heir capacity and demand.
.2.2.4. Model output. For each combination of desired CT access
ime and slots per request group, the model calculates the expected
ean, standard deviation, and conﬁdence interval (95%) for the idle
ime, overtime and hours necessary for CT scanning (regular hours
nd overtime).
.2.2.5. Model validation. To create support for changes, we  asked
takeholders to validate the model [7].  Radiology management
hecked and conﬁrmed the plausibility of the model; the input
istributions resembled demand per patient group, the model and
ts outcomes was  deemed logical. The model also was validated
ith historical data: we compared the outcomes of the model when
un with real data from the pre implementation analysis and the
stimated input distributions. The real data required fewer slots
han the model (37.9 slots/day; model: 40.1 slots/day). The dif-
erence originates from a deviation between the data and input
istributions. We  accepted this increase of 6.0%, as the department
xpected a similar growth in 2 years.
To construct reliable and valid output of the model a warm-
p period and run-length were needed (for methods see [7]). As
he model was started without any scheduled examinations, 50
perating days were required to create a realistic situation. The
un length describes the number of days needed to construct a 95%
onﬁdence interval for the average of each of the output parame-
ers. The model required a run-length of 3050 operating days based
n a relative error of 5%. We  used the distributions described under
model input’ to generate patient demand for 3050 days and the
arm-up period.
.2.2.6. Scenarios. Radiology management deﬁned the model input
or three scenarios, see Table 1. Scenario 1 allocates slots to all
roups and imposes a maximum throughput time of 5 operat-
ng days for urgent patients and 10 operating days for short-term
equests. Scenario 2 combines the urgent and short-term slots
ith an access time of 5 operating days. The CT access time in
his scenario is maximally 2 days. Scenario 2 was included to pro-
ide management insight into the most patient friendly situation
lthough these targets seemed not very realistic to management.
cenario 3 has a throughput time of less than seven operating days
or the urgent and the short-term patients.
.2.3. Step 3: Selection of a scenario
Radiology management used the computer simulation to select
 scenario. The theoretical best scenario was deﬁned as the short-
st throughput time of the diagnostic track combined with an
cceptable idle time and overtime of the CT. Radiology manage-
ent weighed these criteria against practical considerations such
he ability to handle unexpected breakdowns of equipment and
 possible increase in demand that can be expected when access
imes are reduced [8].
.2.4. Step 4: Evaluation of the implemented changes
First, the pre and post implementation results were compared,
ollowed by a comparison of the modeled outcomes and the post
mplementation results.
For the evaluation, we collected 1 year of data (2009) in the
ame way as described in the pre implementation analysis. To
etermine the throughput time, we used a representative sample
f examinations; from all 4223 short-term and urgent CT exam-
nations that were eligible to our sample, we randomly selected Ta
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Table  2
Pre and post implementation analysis on throughput time of the diagnostic track.
Throughput time indicators Old situation New situation Improvement (%)
Urgent Short-term Total
Requests included 199 613 812 941
CT  access time (A) Average in operating days 2.1 12.3 9.8 7.3 −25%
%  Treated with max 7 operating days 100 13 34 58 +71%
Report completion
time (B)
Average in operating days 1.0 1.1 1.0 1.0 0%
%  Treated with max 2 operating days 90 96 94 93 −1%
Access time second Average in operating days 4.9 4.6 4.7 4.4 −6%
45
7
85
1
n
u
t
3
3
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o
s
f
s
t
o
r
p
T
P
eoutpatient consult (D) %  Treated with max 3 operating days 
Total  throughput time (E = A + D) Average in operating days 
%  Treated with max 10 operating days 
681 (40%) requests. Finally, we included 945 (22%) useful diag-
ostic tracks in the post implementation measurement. For the CT
tilization we used the data of 2009 and selected the examination
he same way as in the pre implementation analysis.
. Results
.1. Pre implementation analysis
Table 2 shows that the average throughput time for urgent and
hort-term patients was 14.5 operating days; altogether, 29% of
hese patients completed the diagnostic track within 10 operat-
ng days. The main delay for the urgent patients was  the access
ime of the second outpatient consult, 4.9 days on a total through-
ut time of 7.0 days, while on average the radiologist report was
ompleted within 1.0 operating days after the examination. For
hort-term patients, the CT access time delayed the total through-
ut time of the diagnostic tracks the most (12.3 operating days out
f 16.9 operating days).
Before implementation, 3261 CT examinations were performed
nd they consumed 4148 slots. When correcting the number of
vailable slots for closures due to maintenance, this resulted in a
tilization rate of 82% and an overtime of 44 min  per operating day
see Table 3).
.2. Modeled scenarios
Table 4 compares the scenarios on idle time and overtime per
perating day and throughput time of the diagnostic track. Table 4
hows that scenario 1 (2 days access time for urgent requests, 7 days
or short-term patients) and scenario 2 (shared slots for urgent and
hort-term requests, 2 days CT access time) lead to a similar idle
ime, overtime, and CT operating hours. Scenario 2 provides the best
verall results; it reduces the throughput time of the short-term
equests by 50%, while the operating time, idle time and overtime
erform slightly worse than scenario 1. Scenario 3 (a maximum
able 3
re and post implementation analysis of the organizational performance of the CT.
Indicator Pre implementation
Included number of examinations in samples on
organizational performance (excluding inpatients,
emergencies and interventional radiology)
3261 (year: 6522) 
Total  number of slots on organizational
performance (excluding inpatients, emergencies
and interventional radiology)
4148 (year: 8296) 
Utilization ratea 82%b
Idle  time (in minutes per operating day) 73 
Overtime (in minutes per operating day) 44 
a Hours used to perform CT requests for outpatients for diagnostic purposes/capacity u
b Of the 50 slots available during opening hours, 40 are available for diagnostic request
c Of the 56 slots available during opening hours, 44 are available for diagnostic req
xaminations). 39 40 51 +28%
.0 16.9 14.5 12.6 −13%
 11 29 44 +52%
of 4 days of CT access time, shared slots for urgent and short-term
requests) has the lowest overtime of the modeled scenarios and the
longest throughput time.
3.3. The implemented changes
Radiology management rejected scenario 2 (shared slots for
urgent and short-term requests, CT access time of two operating
days) because with the proposed throughput times the department
might have to work with a tight schedule be unable to antici-
pate on unexpected equipment breakdowns. Scenarios 1 and 3
had longer throughput times and therefore allowed the radiology
department some time to cope with unexpected breakdowns. In
addition, management expected an increased demand when imple-
menting scenario 2 as a result of reduced access times [8].  Instead
a variant to scenario 3 (CT access time of 4 days), shared slots for
urgent and short-term requests was selected. The modiﬁcation is an
additional planning rule: urgent requests require a CT access time
within ﬁve operating days, while short-term requests are allowed
CT access within seven operating days.
To implement the desired CT access time described in scenario
3, the new slot distribution had to be inserted into the planning sys-
tem (RIS). In total, 15 long-term slots per day could be scheduled a
year ahead, while slots for urgent and short-term requests became
available 7 days before the date of the CT examination. This would
lead to a problem for requests that had to be scheduled between 8
and 20 operating days as the model regarded these as short-term
while they could only be scheduled in long-term demand capac-
ity. Most clinical trial patients belong to this patient group (about
5% of all CT requests). Radiology management used a trial-and-
error process to convert sufﬁcient short-term slots to long-term
slots. Finally, they decided to allocate 24 long-term slots, 17 slots
for short-term and urgent requests, three inpatient slots and three
slots for biopsy procedures. The remaining nine slots were used to
level out peak demand.
 results Post implementation results Difference
7442 +14%
8380 +1%
82%c 0%
81 11%
8 −82%
sed for diagnostic outpatient corrected for holidays and maintenance.
s for outpatients.
uests for outpatients (24 long-term, 17 for urgent en short-term, 3 for special
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To achieve the desired throughput time target described in sce-
nario 3, the access time from CT examination to second consult
had to be reduced (D in Fig. 2). The department also changed oper-
ating procedures to enable completing a radiologist report within
two operating days after the examination. Radiology informed the
consultations department to plan a maximum of 10 operating days
between both consults, and a maximum of three operating days
between examination and consult.
3.4. Evaluation of the implemented changes
Table 3 compares the pre implementation analysis with the post
implementation analysis. The CT access time (A) decreased from 9.8
to 7.3 days; this effect was caused by the new capacity allocation.
Despite the new working procedures, the completion time of the
radiologist report (B) remained stable (1.0 days) while the access
time to the second consult (C) hardly changed (4.7 versus 4.4 days).
The average total throughput time decreased from 14.5 to 12.6. The
fraction of requests with a total throughput time within 10 operat-
ing days increased from 29% to 44%. The fraction of requests with
a CT access time within seven operating days of the ﬁrst consul-
tation increased from 34% to 58%. The fraction of requests with an
access time to the second consult of less than four operating days
increased from 40% to 51%.
During the post implementation period 7442 examinations
were performed with 8380 slots. The utilization rate was 82%. This
means that the number of examinations increased by 14% while the
number of used slots increased 1%. Due to changed capacity alloca-
tion, the utilization rate of the CT remained stable (82%), while the
idle time increased by 11% and the overtime reduced by 82%.
We also compared the modeled results of scenario 3 with the
post implementation analysis as this scenario is most comparable
to reality. In the model, all examinations were performed within
ﬁve operating days, had a maximum report completion time of two
operating days and a maximum diagnostic track of 10 operating
days. In reality, 58% of the requests met  the CT access time target,
51% the access time from CT to the second consult and 44% the total
throughput time target.
4. Discussion
With a pre and a post-implementation measurement, this
study showed how computer simulation supported radiology
management in their decision making process on capacity allo-
cation for different groups on the CT scanner. Only a few papers
have included capacity allocation to request groups in opera-
tions research models for radiology [9–13]. Of these papers, only
Vasanawala and Desser [9] compared the expected outcomes
with the realized results. Additionally, most models regard the
radiology facility as an autonomous unit that can be optimized
[10–12].  Our study showed that the best scenario according to
the model (the capacity allocation of scenario 2) was not selected
because of practical considerations that were not included in the
model, instead a variant to scenario 3 was implemented. Thus,
the acceptability of the recommendations in practice is affected
by socio-dynamic factors. Furthermore, the evaluation shows a
reduced throughput time of the diagnostic track from 14.5 to
12.6 days. In the new situation, 44% of diagnostic tracks were
ﬁnished within 10 operating days versus 29% in the original sit-
uation. Hence, although the total throughput time has reduced, the
desired levels have not been met  for the majority of the eligible
requests.
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.1. Differences between modeled outcomes and reality
The simulation model assumes a stable CT capacity, while dur-
ng the post implementation period capacity was  reduced by 12%
ue to maintenance, technical malfunctions and illness of staff.
hus, the model had 12% more capacity than the actual capacity.
his explains why the throughput time target was  not achieved.
uture research could modify the model to include capacity
utages.
The modeled outcomes already included a growth of 6% in slots,
he post implementation analysis showed a 1% growth in slots (and
 14% growth in examinations). Thus, the examinations seem to
equire fewer slots. As the number of slots did not grow as fast as
xpected, the department was able to compensate some capacity
oss.
The model also assumes that maximum throughput times are
lways met, even if this leads to overtime. However, in reality only
1% of the second outpatient consults were planned within their
arget of 3 days. This may  be caused by the lack of capacity in the
onsultation department or because their schedulers do not stick
o the new scheduling rule.
The model assumes that all patient show up for their CT exam-
nation. However, the no show percentage was  1.3% in 2009
nd it is impossible to determine whether the slots have been
lled with other patients. Finally, a small patient group may
refer an examination after more than seven operating days,
or example to combine the examination with other hospital
isits.
.2. Additional beneﬁts
In the pre implementation situation many non-emergency CT
xaminations had to be performed outside the slots reserved for
his group. To control the workload, these examinations could only
e scheduled after consulting a technician or radiologist. As a result
f our study, the need to consult a technician or radiologist to plan
n exam reduced considerably. The capacity was  also more equally
sed throughout the week as the overtime reduced considerable
82%). Another advantage was that it created more awareness that
apacity allocation and planning procedures can have a positive
ffect on access times, while at the same time decreasing necessity
or overtime and idle time. It also provided insights that a limited
umber of different types of slots in combination with sufﬁcient
lots makes planning less complex.
This study showed that combining slots for urgent and short-
erm requests reduces the throughput time signiﬁcantly while
ardly affecting the CT utilization. The department learned that
ooling slots could lead to beneﬁts. This is in line with VanBerkel
t al. [14] who argue that separating patient groups usually leads
o increased access times unless the service time in the unpooled
epartment is decreased.
.3. Further improvements for the case study hospital
First, better forecasting of expected demand per patient group
ould help achieving the waiting time targets as capacity can be
etter adjusted to demand. Second, management should prevent
apacity reductions due to maintenance. Third, changing opera-
ional procedures in combination with the already implemented
nline dictating system could reduce the report completion time
ith 1 day and therewith the total throughput time of the diag-
ostic track. Fourth, the referring physicians should change their
rocedures to facilitate more consults within 3 days after the exam-
nation.of Radiology 81 (2012) 3131– 3140 3139
4.4. Research limitations
For about 50% of the records we were able to match the CT
examination with the consults of the referring physician. Radiol-
ogy management explained that there were no indications that the
requests that were excluded by this criterion had different CT access
times. Matching requests and consults with the same specialty may
have been too strict as many consults were performed by another
specialty. This may  be typical for our case study hospital that is spe-
cialized in cancer care. Furthermore, the ratio between the different
patient groups may  differ from university or general hospitals; for
example, the fraction of emergencies may  be higher and the fraction
of long term requests lower.
In the new situation, we could not control for changes in ratio
between urgent and short-term request due to software changes
in the RIS. According to hospital and radiology management there
were no indications that this ratio between the two patient groups
had changed. Furthermore, radiology management claimed that
urgent requests were scheduled within time, so this group seemed
to have received sufﬁcient capacity.
The model used the same demand distribution for each day of
the week, which is likely to be not the case in reality. The depart-
ment is able to spread out demand as most requests have a CT access
time target of multiple operating days. Future research should con-
sider that in case of shorter target times, the department becomes
more vulnerable to ﬂuctuations in demand.
We used computer simulation because it was  suitable to answer
the research questions, it is popular in healthcare [4] and it can be
extended to include other process aspects of the CT and radiology
department as well. However, we could have used other model-
ing techniques such as queuing models. A queuing model of this
problem would be somewhat similar to the model of VanBerkel
et al. [15], who discuss the effects of pooling and unpooling in a
chemotherapy day unit. Further research could check whether a
queuing model would have led to the same conclusions and the
efforts needed to build this model.
5. Conclusion
To our knowledge, this is the ﬁrst study reporting on an
operations research based change in radiology that includes the
diagnostic track and that presents both the model and the results of
the pre and post implementation analysis. By increasing the num-
ber of available slots, the model is suitable for other settings with a
larger CT capacity, being either multiple scanners or longer open-
ing hours. Furthermore, the model can be adapted to other settings
examining capacity allocation for different patient groups such as
other radiology modalities. Applications of the model can also be
considered for cross-organizational use.
We conclude that using a model to determine the capacity
required per patient type supports the decision-making process of
radiology management on reducing throughput times while mak-
ing efﬁcient use of their capacity: in this case 52% more patients
completed the diagnostic track within 10 days.
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